ABSTRACT
Viruses are obligate intracellular parasites. They require the machinery of cells for their own replication. Consequently, apoptosis of a cell after infection but before viral replication may limit the production of infectious virus and thereby act as an anti-viral immune mechanism. The Fas-Fas ligand interaction regulates a major pathway of apoptosis, and we (1) and others (2) have proposed that this pathway may play an important role in mediating an anti-viral effect.
Viruses have developed many different mechanisms to subvert cellular suicide. The selection and maintenance of these mechanisms in a wide variety of viruses represents support for the concept that apoptosis is an important antiviral defense mechanism. Viruses that inhibit apoptosis of infected cells include (i) Epstein-Barr virus that encodes homologs of interleukin 10 (3) and bcl-2 (4), both of which inhibit the apoptosis of infected cells; (ii) adenovirus that encodes E1B-19K, E3-14.7K, and E3-10.4K͞14.5K, all of which inhibit apoptosis mediated by tumor necrosis factor (5) , and the E1B-55K protein, which inactivates p53, an endogenous molecule that can induce apoptosis (6); (iii) cowpox virus that encodes serpin (from the crmA gene) that inactivates the interleukin 1␤-converting enzyme, a molecule in the apoptotic pathway (7); (iv) myxoma virus that encodes for T2, a soluble homolog of the tumor necrosis factor receptor, which acts to inhibit apoptosis of infected cells (8) ; (v) papillomavirus that encodes the E6 protein, which inactivates p53 (9) ; and (vi) parainfluenza virus type 3 that induces interleukin 10 production thereby mediating an anti-apoptotic effect (10) .
Recently, we have shown (1) that herpes simplex virus type 2 infection of a cell inhibits its capacity to mediate Fas ligand activity. Fas ligand mRNA was not affected by the infection, and protein was efficiently produced. Nevertheless, the Fas ligand produced remained intracellular and was not expressed on the cell surface. This defect was specific for Fas ligand: four other proteins were expressed in herpes simplex virus type 2-infected cells to a level commensurate with the level in uninfected cells. Moreover, we demonstrated that inhibition of Fas ligand activity had profound implications for viral replication.
To our knowledge, the possibility that viral inhibition of apoptosis is operative in HIV pathogenesis has not been previously considered. Other investigators have shown that inhibition of T cell apoptosis in vitro enhances the production of HIV and thereby facilitates persistent infection (11, 12) . Moreover, peripheral blood mononuclear cells (PBMCs) from HIV-infected patients demonstrate enhanced levels of Fas expression that is correlated with enhanced susceptibility to the induction of apoptosis with anti-Fas antibodies (13) (14) (15) . We sought to determine the status of Fas ligand in these patients.
MATERIALS AND METHODS
Fas Ligand Activity. Heparinized peripheral blood was obtained from HIV-infected patients and healthy volunteers. Fas ligand activity was measured with a DNA fragmentation assay (1) . Jurkat cells (10 6 cells per ml of RPMI 1640 medium containing 10% fetal bovine serum) were labeled with tritiated thymidine (2.5 Ci͞ml; 1 Ci ϭ 37 GBq) for 4 h at 37ЊC. Either an anti-Fas IgG1 monoclonal antibody that inhibits apoptosis mediated through the Fas-Fas ligand pathway (Immunotech, Westbrook, ME) or an isotype-matched control monoclonal antibody was added at 2 g͞ml to the Jurkat cells during the last hour of this incubation. The target cells were washed and added to PBMCs along with antibody at 500 ng͞ml. After a 14-h incubation at 37ЊC, wells were harvested, and the tritiated thymidine content of the DNA was determined by liquid scintillation. Percent specific apoptotic death was calculated by subtracting the experimental cpm from the spontaneous cpm, dividing this number by the spontaneous cpm, and multiplying by 100.
Human Fas Ligand Transfectants. K562 cells were infected with a recombinant retrovirus, derived from pLXSN supplied by Dusty Miller (University of Washington, Seattle). An expression construct for human Fas ligand was produced by recombining the coding sequence (obtained in Bluescript from Shigekazu Nagata, Osaka Bioscience Institute) with pLXSN by using the EcoRI-BamHI site. The packaging cell lines PE501 and PA317 were used consecutively to obtain recombinant infectious virus encoding for human Fas ligand. Infected K562 cells were obtained by culturing the cells in neomycin.
Fas Ligand Reverse Transcription-Coupled PCR (RT-PCR). The RT-PCR method for identification of human Fas ligand message was a modification of a published technique for identification of murine Fas ligand message (16) . Total RNA was isolated from freshly isolated PBMCs and reversetranscribed to cDNA by using an oligo(dT) primer and Moloney murine leukemia virus reverse transcriptase (GIBCO͞ BRL) at 37ЊC for 60 min. RNA at 1.6, 0.8, and 0.4 g was amplified by PCR specific for Fas ligand using the following primers: forward direction, 5Ј-CAGCTCTTCCACCTACA-GAAGG; reverse, 5Ј-AGATTCCTCAAAATTGACCA-GAGAGAG. ␤-Actin primers were also used. Nucleotides at 10 mM were added to the RNA and the primers, and 2.5 units of Taq polymerase were added to the reaction after the reaction reached 94ЊC. The conditions for the PCR are as follow: 40 cycles of 94ЊC for 1.5 min, 60ЊC for 1 min, and 72ЊC for 2 min. The products were resolved on 1.2% agarose gels and visualized with ethidium bromide under UV irradiation.
Analysis of Cells Treated with a Fas Agonist. PBMCs from HIV-infected patients were plated at 1 ϫ 10 6 cells per ml and cultured in the presence of either anti-Fas IgM or IgM isotype control antibody (100 ng͞ml) for 2-3 days. After the incubation period, cells were recovered, washed, and replated at 10 4 -10 6 viable cells per ml. Phytohemagglutinin (PHA) blasts derived 3 days prior from a healthy volunteer were added to the HIV-infected PBMCs at 0.5 ϫ 10 6 cells per ml. At the indicated time points, 1 ml of supernatant was removed, frozen at Ϫ70ЊC and replaced with fresh medium supplemented with recombinant interleukin 2 (Chiron) at 20 units͞ml. The supernatants were analyzed for HIV p24 content with the HIV-1 p24 antigen assay kit (Immunotech, Westbrook, ME). After the patient samples were treated with anti-Fas IgM or control IgM for 2-3 days, the cells were also tested for proliferative responsiveness to PHA. The cells were washed and replated at 10 5 cells per well in 96-well flat-bottom plates. PHA was added at 2 g͞ml and cells were cultured at 37ЊC for 3 days. Wells were then pulse-labeled with tritiated thymidine (0.5 Ci per well), and incorporation of tritiated thymidine into cellular DNA was assessed 18 h later.
Flow Cytometric Analysis for Fas Ligand. Freshly isolated PBMCs were stained with biotinylated NOK-1 (PharMingen), a murine IgG1 anti-human Fas ligand monoclonal antibody (17) or a biotinylated control murine IgG1. After washing, the cells were incubated with streptavidin-RED670 (GIBCO͞ BRL) and then analyzed by flow cytometry on a FACScan (Becton Dickinson). Monocytes were identified by their characteristic profile on a side-scatter͞forward-scatter histogram. Their identity as monocytes was confirmed by staining with anti-CD14 (Dako). Specific inhibition of staining was accomplished by preincubation of NOK-1 with a soluble form of Fas ligand. The soluble form of Fas ligand was produced in Pichia pastoris (Invitrogen).
RESULTS

Deficient Fas Ligand Activity in HIV-Infected Patients.
As a measure of Fas ligand functional activity, we used a cytotoxicity assay that measures DNA fragmentation, a hallmark of apoptotic cell death (1). PBMCs were tested for their ability to kill Fas-sensitive Jurkat target cells. Inhibition of cytotoxicity of the target cells pretreated with an inhibitory anti-Fas IgG1 monoclonal antibody was used to ascertain Fas ligand specific killing. The difference between the killing of target cells pretreated with the control antibody and the killing of the target cells pretreated with the specific anti-Fas inhibitory antibodies is used as a measure of Fas ligand-dependent cytotoxicity.
The validity of our assay system was confirmed by the demonstration that the inhibitory anti-Fas IgG1 antibody used in the functional assay blocked killing by an apoptosis-inducing anti-Fas IgM antibody, as well as killing mediated by Fas ligand expressed on KFL cells. KFL cells were produced by infecting K562 cells with a recombinant retrovirus encoding the production of human Fas ligand. Additionally, we determined that the anti-Fas IgG1 inhibitory antibody had no effect on killing mediated by PBMCs against the Fas-insensitive K562 target cells. Cytotoxicity of Jurkat targets by PBMCs was partially blocked by inhibitory anti-Fas IgG1 (Fig. 1) . The residual killing in these cultures not inhibited by the antibody was due to granular exocytosis by natural killer cells. Depletion of natural killer cells totally eliminated residual cytotoxicity (data not shown).
PBMCs from patients infected with HIV and from healthy volunteers were isolated and tested for Fas ligand activity without in vitro activation. Representative results (Fig. 2a) demonstrate that PBMCs from six patients infected with HIV were markedly depressed in their capacity to mediate Fas ligand-dependent cytotoxicity compared with PBMCs from three healthy volunteers. In aggregate, PBMCs from HIV ϩ patients were approximately 80% decreased in Fas ligand activity (Fig. 2b) (Fig. 3a) . Total RNA from unstimulated Jurkat cells was used as a negative control for the RT-PCR, and total RNA from the KFL cell line was used as a positive control. To determine the status of Fas ligand mRNA in HIV-infected patients, we analyzed RNA from freshly isolated PBMCs by semiquantitative RT-PCR. We found that there was no decrease in Fas ligand mRNA in freshly isolated PBMCs of HIVinfected patients compared with PBMCs from healthy volunteers (Fig. 3b) . Moreover, equivalent levels of Fas ligand mRNA were present from patient and control samples after overnight culture (data not shown). Thus, the mechanism of deficient Fas ligand activity in these patients could not be explained by an absence of message or the loss of effector cells during the assay. Human Fas ligand activity has been shown to be mediated by activated T lymphocytes (17-19), activated monocytes (20) , and activated natural killer cells (21) , as well as freshly isolated natural killer cells (22) . To determine which cell population among unstimulated PBMCs expressed Fas ligand activity in our analyses, we stained freshly isolated PBMCs with anti-Fas ligand monoclonal antibody (17) and analyzed the cells by f low cytometry. Fas ligand was not expressed on any cells within the characteristic lymphocyte gates that include lymphocytes and natural killer cells; however, we were consistently able to detect moderate levels of Fas ligand on the cells falling within the characteristic monocyte gates (Fig. 4a) , and this staining was inhibited with soluble Fas ligand (Fig. 4b) . These cells were verified as monocytes by staining with anti-CD14 (data not shown). Thus, monocytes have the capacity to express the Fas ligand activity that we have observed in unstimulated PBMCs.
Monocytes from HIV-infected persons were analyzed to determine whether deficient natural Fas ligand activity mediated by their PBMCs was related to decreased levels of Fas ligand surface expression. We found that monocytes in freshly isolated PBMCs from four HIV-infected patients were totally lacking surface Fas ligand (Fig. 4c) . Moreover, monocytes isolated by adherence from healthy donors but not from HIV-infected individuals demonstrated Fas ligand activity, consistent with our surface staining results (data not shown). Consequently, the defect in Fas ligand activity seen in PBMCs from HIV-infected persons can be explained, at least in part, by a defect in surface Fas ligand expression on the patients' monocytes.
Effects of Reconstituting Fas Ligand Activity on HIV Replication.
We have demonstrated that the Fas-Fas ligand interaction has a powerful anti-viral effect for herpes simplex virus type 2 (1). Consequently, we considered the possibility that HIV production might also be affected by a Fas-Fas ligand anti-viral mechanism. PBMCs from four HIV-infected patients were treated with anti-Fas IgM or control IgM. The anti-Fas IgM is an agonist for Fas-induced apoptosis so that treatment with this antibody represents a reconstitution of Fas ligand activity in the patients' PBMCs. PBMCs were incubated with anti-Fas IgM for 2-3 days, washed, and subsequently mixed with PHA blasts from healthy volunteers to test for HIV production by a p24 assay (Fig. 5a ). In the samples treated with anti-Fas IgM, HIV production was markedly inhibited.
Consistent with the results of others (13) amounts of cell death. To ascertain whether the surviving cells were functional, we obtained viable cells after the anti-Fas IgM or control IgM treatments. These cells were replated in the presence of PHA and assessed for proliferation (Fig. 5b) . Treatment with anti-Fas IgM did not affect the capacity of the PBMCs to proliferate. Thus, replacement of Fas ligand activity significantly inhibited HIV production but not lymphocytic proliferation.
DISCUSSION
Physiological cell death has been proposed to be a potent mechanism for limiting viral replication (1, 2) . The evolution and maintenance in many different viruses of various strategies to circumvent apoptosis lend support to this concept (3-10). We suggest that the deficiency in Fas ligand activity may play an important role in the pathogenesis of HIV disease. It has been shown that inhibition of T cell apoptosis enhances HIV replication and facilitates persistent infection (11, 12) . Moreover, HIV-infected tumor cell lines show enhanced susceptibility to Fas-mediated cell death (23) . We propose that HIV infection of patients depresses Fas ligand expression on monocytes in vivo and thereby enhances the survival of cells that actively produce virus.
Our results show that the monocytes of healthy volunteers display Fas ligand, a powerful inducer of apoptosis, but the monocytes from HIV-infected individuals are deficient in the expression of this molecule. Others have found that CD4 cross-linking in the presence of HIV tat induces PBMCs to express Fas ligand mRNA and presumably Fas ligand protein (24) . Moreover, another group of investigators have indicated that HIV infection of human monocytes from PBMCs induced Fas ligand expression in these cells that were then capable of killing activated uninfected T lymphocytes (20) . It should be noted that both of these investigations used PBMCs from healthy volunteers but they did not study PBMCs from HIVinfected individuals.
Our findings of deficient Fas ligand surface expression on monocytes from HIV-infected patients are not necessarily contradictory to the previous findings that HIV induces Fas ligand expression in PBMCs and monocytes from healthy volunteers (20, 24) . It is possible that induction of Fas ligand on an acute basis, as demonstrated in vitro, actually results in a chronic deficiency in vivo. According to this model, cells from HIV-infected patients who are chronically exposed to a stimulus that has the capacity to induce Fas ligand expression become refractory to the stimulus. Consequently, the inability of the cell to maintain Fas ligand upregulation in the face of chronic stimulation results in a deficiency of Fas ligand expression.
To our knowledge, the finding of constitutive Fas ligand expression on monocytes from freshly isolated PBMCs has not been previously reported; however, this finding is consistent with the prior demonstration of Fas ligand message in freshly isolated human monocytes (19) . The constitutive expression of Fas ligand on monocytes may play an important role in viral immunity. Specifically, it may provide an innate mechanism to quickly and efficiently eliminate infected cells prior to the onset of viral production.
Others have recently demonstrated that freshly isolated human natural killer cells possess Fas ligand activity and message (22) . Since we have examined Fas ligand in PBMCs, which contain both monocytes and natural killer cells, it is possible that the deficiency in Fas ligand activity by PBMCs from HIV-infected individuals represents effects on both monocytes and natural killer cells.
We speculate that reconstitution of Fas agonism in vitro selectively induces the apoptosis of cells actively producing HIV, thereby accounting for the precipitous fall in viral production that we observed after a single treatment. Fas ligand deficiency may contribute to the pathogenesis of HIV disease by failing to eliminate a safe haven for the virus. Recent studies have shown that the level of virus in infected individuals is an important variable in the progression of the disease (25) (26) (27) (28) . Consequently, effective therapies have been directed at decreasing the production of virus, such as protease and reverse transcriptase inhibitors. Nevertheless, the capacity of HIV to mutate may limit the usefulness of drugs directed at specific viral components.
We propose an adjunctive therapy that is not predicated on inhibiting the activity of a viral protein. Since the deficiency in Fas ligand seems to favor viral production, the replacement of Fas ligand activity in HIV-infected individuals may decrease the amount of virus in vivo and thereby provide benefit to patients.
Others have shown that Fas antigen expression on CD4 ϩ and CD8 ϩ T lymphocytes increases with HIV disease progression and that these cells are susceptible to Fas-mediated cell death (13-15, 29) . Consequently, therapy based on reconstituting Fas ligand activity in HIV-infected patients would optimally be instituted early in the disease process before the accumulation of significant numbers of susceptible uninfected T lymphocytes.
Hepatocytes constitutively express Fas and are also highly susceptible to apoptotic cell death. Anti-Fas monoclonal antibodies given intraperitoneally to mice have been shown to cause fatal hepatic necrosis (30) ; however, functional soluble Fas ligand has been given to mice intraperitoneally without toxicity (31) . Potential Fas ligand replacement therapy will have to be formulated so that damage to the liver is minimized.
